


Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1991-12 


Synoptic and mesoscale factors influencing 
Stratus and for in the Central California 
coastal region. 


Corkill, Patrick W. 


Monterey, California. Naval Postgraduate School 


http://ndl.handle.net/10945/28586 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 


' (8 D U DLEY research materials and institutional publications created by the NPS community. 
: Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS'‘s first 
ath 
KNOX appointed — and published — scholarly author. 


i LIBRARY Dudley Knox Library / Naval Postgraduate School 


411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 








http://www.nps.edu/library 


Gf s’s h 
r ve ae ey a 

; ". ry pe * 
+ fy" Sh, wore : i LY hae BID MD Me tes ht 
‘es ta aH eH 




































a4 a 
4a s di 
aA MR A 
VENI BN RO NA Ht 


*) 






ga 
¥ 38 p ‘YRPIVTR AL US He ve 
pire s Avae "3 a ey A aS, \ n a Ke 46 one yey 
net, § ee “ia! . a y* op iS t 
os Wt oe ek fo alan wer Mahy ORM Eads oie “ 
’ "* ? 





be. 
SAN Ora 

4 + ‘» o" 
a ; Ae é, UN Me 0 mie eatin satay 
me Aes 9 et %I,3 ON» » eee ey -V OP eas Roo a ty “a 
aa a | ‘ 9 a bg bie ty gle ym Sig te rae g 4 . 2% rt i n 
+? ' Foal ae | 9 ue Wg’ as jie a We gar + f oh ‘ i, ' : 

14 vo ge a} is Sha ty aly! ni pte tg yyy 
. nD 8 y's te Oe ae Be rr i 4 
Karle’ ae ah : ape F 
sepa realy 4 yy, 97454: w 9% AAS» 
4 oat $ ‘ Le Sra be of > 34 ae 4? Pers a 4’ 
‘ s t% 7! oy ga 4. tee pra ay se area 
, 5 CHL PVG gay die Sa 4g,’ om 9a eae Wd 
i P, 1A Satin Hare og PARA RUE SLRN 5 s va 
’ > ° r > 

Fi ope gy 
Oe ee ay yy PCE f 

x * ’ 4 ry eq EAs '* A 4 4 b's Spica mk) 
ey 4 ‘ a fs, ~ AL oH Bost: Gye gf we aay? 

Lane wu $ & » , 


vay’) 


re 


‘ 4 2%% 
. we gf ate ‘ Qivih.e 
: b 4a eh > aye CET. LI . 
Py 
2 
d 










met 
EON ; 

a "3 x atgte gh we 

uM wesley eaten as 





J Ny E bee o® | a | 
Fi 7m Le, \ z rf f 2-4 RAS e 


SSPE Kee tt gee 
0 ae atytte : 
. i ee ae witht Aveta 
ae P . i “ 


dad &! 

Ait PA \atecadadneatntys yey 

, 2 ; ae ) & BH 4) 

rs hy vey OF em any ty a's uP Waralyt ad $ een 

nn Slat Aang Part a a — * 4 oy * y's Ae de'y lah, Sg ata : 
“4304 ofa Chypy oe a’ Re“ sly ares Y » gf a's gti Hal a0, 4 y+ oe eH “wf 

. 5 : of eh a BAe nee Shy kota & 4) 3 o ae bh ie 

ile Pn 39 | 9° 9V% hein” “ay att Nahe BAe " 
es “ode 









mAny 
ce a 8 
es 
E d 7 APSF Olle te MOI Dw ante ow & OrEERa! 
‘ Mey \ ‘ NO a we aly Ene ae 
4 Seng) a at pe, fo pint, oA 








Re OPA Re Og 4 
: ble Mina 1 Wy ay evs Saws ree 

. wl @ pie art Say PD Wrmases ye inet, 
PEA aril tak WO IE a RUM ea gay PE YY » 2 a CSA Tet away oe ake. 
Pah S weer ae i 5 eu eat oy et ‘ . we 

’ bly lolita erates i mo t 4 Ion +4 % 


ir 
hm 
me 
t ‘ae er Moats 
te tN gat, afak 
. A 


> » ty 8 EL Ay a%n f IMaon 
} ove atin HY, 2,6 eae igh 
Fa" “tai 4 ae cf > ‘ 








* « 
P . n't . ‘ Ly "Kad ye 
eit eh HAL ee arta Cee * OTR eprint, 
$k IES we Sacugareas 7 
u jad.) yD Mate ¢ % . 3 a> san <a aryl eee — . 
WIN af gg gteg) f ghaw geht Fi i 1 ; Naas Ah + te + ee eas el sg bade der 
d A Pt ; Pea : " aee Pah 
Fe Ak BE 2 eka g! 18 a ied yent Vv My state tara Nh Tel eset + W. ay ae oats ene a wat sie 

5 2) | a) x 4 Ni ’ *y Sas ? i . 1 vy 8 i "Cx ae Ted a 

ii) See) CE ROL SR whet tas 

8 gree fs 
Sra Wal a a gihy « 

ewe 5 eas 

DS ae ites ym ee eld Be, 


by 
fia ode intg 
Pagt % 
BinF arte aly ea ee 
Tooohslerg 
a 
et RE UI 

et 7 ee | ayy 
TSU e re eae aie he! aia ee ae 

aa > 


, A Serya: 
pe) ee | = . 


























32 


eh 
a3 


ne a : A x , , 
» mer ‘ Fane Tes 47! , a - maf a eS Lars toe - Fl . ne 2.5% ays aa. 
Ale. witutred Late ; We, o. py a § uF 3m et en a, Aadeyt } j 
ft A ae Ne 4 ae 5 t Lat ak Ae p nag a's © ast, is . . ® 


“> 


Cri 8 
Mary 


Wee. 


=e =e 


ait Se 







PRES EM 


? Fey? ie F 
pert i? 
al ' 


pen 





val Sa eta War 
eh ye AAT fora Ss Fanl 
ee eae 



















: Z “ey es 
, ‘ ras af 2 ; A . 
ji ; ‘ Pi yes Faye Bras f ie De Teades ey ae, oti Se WO ee 
" yEORe, Tal Pe AY Hee ny 4 gta Fat Far aat kh eae ap 5 aie apne eh 
Mera Vier eae are rg rare Coates es kat ep e  o Jae me yee 
ys vg we v’ eT fa: whats 
od ot ge y 
Pt ey, 


eS et ee 
~~ Br d o 
aa Is 





Ay 
rae 




















A bee 
Ataf ‘ 
ae om do 
fy et Fang 
v3 33, 
ya? 
‘ 



















































rtd i mh, : $ ‘ ; t 4 oe esr y whet 
YK ed OP eT goat yf = & ae” ator ot 
4 i? Na . " a: : 3 a Mn hea 
? ° F pS i ' . i } L ” i “Me a 2 . 
$47. is $ “4 f ts Ne " 7 . ; PY ri 
BPN eos ae Erodcas$ 
3 Pgh er ae 2 89 +.) Peete be 
# fbi Uta ate FO a PS a a i i i 3 : ea Peeve Pp te Cpa mS 
DNS ts ed pie Re ive Pe . i Baye ar are sa 
Fares ea taty iy, i op Bhs ae oa eet 
Fihgs Guat E ' ‘ SEIES, 
RUE eet oes Baha Po tea 
2 “4 . s = Sa § 
¥. Vg’: % D *. . Et em 
i Pisgeet fe a 
» ha. aN 
Fs 6 ARS Aes 
“te Pate ee 

























































































































a i we Seba, Mea a! ee 
, y 5 ry sal,’ ? 4 Ped 
Le pi , 5 ee Pal Phyl OMS FP Y 
: iF PAT eb s,8 Pe I) at Foo aK Kite 7903 Toy PD 33 : 
y = Js vg MMe ie Pe 8 ao 1D +. Figtejhe Bans Fay Sf Dope I Ws Be eee i Da 
' rUgt Wel bei Fags tuk, 4 A te SPF SM PS eh arth ME pare: # 
%. j Pe Poern . ‘ Bye") ses les nt . ee : apy iad 
, ‘ r wae 4 Ca U : , 
4 y : Fear de di 
aes he oh phe 
N ‘ Pedi, ‘ ’ Odo FSV ir een fis » : 
r «4 i $33 - t ay Ral ve Pieri: 1466 BM G9 oh YP : " Chas : oe, 0 8 Ppa 
, faa : ’ st 3 Wirhae we Te ered Lae ee Dh ee ee amp Gne fe ot, hr he ytew F Mame 2 dy re CHF BY Ae , Odd ie id eae 
; te? OF Os jupid se ‘bet hee y tome 8 ues ay sf tie 3 eri hid, Phot "yhoo oP date ae Sea, yl ad ‘ Sar hs akg oe at Pa es eee a Se 
‘ . Ayta Nie, US Ply ales} i od PS OP ee Ni Ada Ne ht % je WF JU a ADEN oe av : \ Fs pee A ; wn a 7 
’ oyu } se pia PD 4 Ping *¥ija ae + FR rT ae ¥,4, , Lae) re VPRatA dae ¥ PrISo vi . 
? e ‘ , 4 a | a q 3 ! oy he OE th caty ae fo eee ‘aoe Ae deg 
, Nene. § ‘fy 
b i, ‘ ft Fay oh : LH 
’ sa + oo NOt ahd i ; 
A 6 4" fi as sa 
. : a del 
; Les Cah ph oteat ak DF A Geet e-Fuw 
P ; ‘ oy Phy ” i et OR er, Lndbatt siege drat ahant at 
", : axon : j x * i Oh wag At: 
t J 1 re phen ee ae E v, “| t ied © AS Oe Fm ‘ i 
5 ‘ Pe SAP Gh geome’ a: wee a (PP Pte: 
. ’ 3 ,' t F i > 
J : ’ , “le wae 
Tiga | : GS TSY DEAL Sat tod yr TES sh date ichy aerate 
a ¥ PS te eee oe 6 r ¢ : 
; * a 8 8 OLED {Kh Ze ee iste tb Vere 2 ¥ p ox4 Ee Fr i S ets ane ( ; 
ah ’ ° 4 ‘ >? 2. LLL! ay Le 2) relief aw & ' y 
z ’ ; : 4 4 PF btn vt he DEN? a> tnd oP Hs Foe 
‘, , 8 + a Pare ‘ ¢ ‘ J si ; , 
: , Car, 2 ? a a Pe) 9 BIER HG iy Le oy spe f ery rf as ey bi Ld ps ae 6 
ar | ’ } Me gi, Be ioe D De a, ce Se 0. 3 tO he 
. P ai ? vo a Pye £3 ie ay 1 8 Ry as KI ph oD i teat > oP HN é 
: Re A) vagy ia, Pet eS FR ly Ey Vo. fo h ; HAY 
: us wy aves a . x f} Ae a | 5, 2 3 2 Pv PED fs Ih y fa 0 tat tig ay itt hi \, 
be «wa fl Bf Avie tee RL Le | eh Wt ea: iv oe, i. arg ; 
ee) 4 : Aya ba x a Nick 43 r tiga “a. q i 4 sie ‘. pt 1 ua AS gtey a ; 3 a6 ‘ ve} “ 5 ae 
Ma ore ‘7. ue Ave 1 yh Ptad gus Ry get FO tt ff asus 4, Wa, Oe ke PR dee of of bade a fF 
a ? ‘ is Ue 4 aia 2 J r wy "t * Wats Jay 7 4 - | ae yeh a ' . ‘4 4%, 9@ 4 Spas 
‘ 1 &Y ; & e ‘ Our $ ; ; ; ¢ ¥3 | eal 
1 a ( Oe ¢ ss Y , * 6’ : ‘ e a Me fhe ty Fe oe te ae ae Se ee ‘ P 
a ¢ 264 : , ; : 4 + , 84 ry pee ha’ ~ a is ots. lecg’,? A AY a % wl a Nyasa ; #, » i sapda ee peo ey os 
e ¢ oe UJ « LJ *, ¥ A ie 4 - 
= es ay yy Pe claeee gee yr Oy BUS ity wy eal 5 Fs ee oe @ oa. a pa ile O58 tenes Os Se Aa haelt peedeled 
; Say i : pe OS 2 ah a $enen Gey rar khg a HOO, on PUG A he bet eee.) “fy Oe ri Fa Fe gh fig] 
Tee a et igh @ Tans : ae 13 9 NG ig Dips ea) : ie oi ry rr i neaby a, + 
ue - 7 : F.0ah A fi 4 > F ¥ e ae (ay i hae Phan Pane}, - Ge 3! . : = “ee: 
' ’ ieovigys i} AD Pa Fc PetU tad ban 8 O° MER Nae Ds 4 Pre te 
; om. d 4 : Pit dG EE 1s OG GS of 4). 9.4 Sar pats Haualy Sf eee oe 
da 7 e 8 55,2 ve 2 5 gt Fats a Pe Me tel te a ee) J! ke ahd, 6 { , ad 
' nate ER ae A SP * ON AER 
: pee at Re 1 te FH bIt AGS eT RY: 5 egy Vi 
x ; ; ’ , ite AF oe W297 4,04 Ae ’ 7 £) ads t PP s w. a ety! aN 
; , itt } i ¢ 1° a? Tape dyt 8; 9 ¥ vor 4 PAV ne 4 rh a PB Ssli g: a i ; Yecore tm H e 4; 
i ; s : i 4 7 1 @, 4 i “Fi vy He, U rt bw - Ie . ili hy aye, ¥ hi ‘ we ‘ é ir te 4 és , 8 % ‘ uy it Shines = 
’ | ie a ea they o, tet. Yh ee Hal j de hay ea yh Fama SAS Seed he ; bs Ore apres 
¢ #?, e@ é. a% § 0 24 he T3e » @ A ‘ F , 
aes cy "sf Weems WEIR LAS fe iede had ay RRS a me Ee at Re re Ase eer, 
pos f Se * bie) yah JO A tl ef wy 5 a aoe ee at, y art Ty oF Sap» op 2 wo W 64, de, ese 
Moe at pees e's POF delat 0 ; EAE Cra i FP I LS a $ 
i z hs oP ds + "hs fx oe aS tae Von 4 9 St tee Ray Ae > he ike Aas Wd ‘Fay sey We Fos Bree bots 
Pa ah ar WA Na Ae eh pisatal ty” 4 9,48. 1.9 goes we te eae hon . 
1f v Sy eee a4. 8 TR ee eet , y % ks fea tgp ‘aaa ate a th tats Ae 9) My & @, BN vay VA d Ae ky 
. 2 : g ut 7 , rh ’ a ¢ 4 EF MhAY & ‘al WON ye + nye f Fi 
‘ lige ; ' \! : PRA, aE sa €, ay ie ee , tA3% DB oued F weld 5 Ss Sar ret) ie +4 Ppt Peete tea diated es & o 
“4 ; 4 htt Me OR Be a Te > as Nag eae } i ro MAS se Pe fe al ey 
pe 4 i Peis eG ae oo 6 bate XY PR 6 ¥ Oty €rashy Ca 
F clipe iv Fs ‘ F sd RE Nea uP V8 KR Roa Ff ™. v; a 
< ‘ ‘ ty eld dete KTS ste hy five La 7 ie Shah 2 
; aE Ae Sidi aes 29,9: Lita a kl mt oF @ Pee PG deed st 
ae eee Ah bit: t § Bi tikutys, reAD, 4 od ; Seen ees 
ty ¥ ' oh Ped er 
| ‘4 A . a? + ale 5 Wy Ats os neve KES x 
ah jane : Pt ere tT Kohet ey ge. 
Pa Tie A b; IG Le ee Ne 8. 
i ae eS ee Hh ak 4b 48 park 50 
' § @s 4 i 4 2 AM oe 
H ays ae : : hing “, 
i é ‘ 5 a Y 
; yore Sara, ope 
‘ Boe ot | % ‘ 
, nur . 3 Learner Po Hi ay 4 A. , > + 
F J eMyy he 
‘ ‘ ry é» r 7 § he Et 
4 me i i 3 > oh 
A 
yf 5 r] x 
iy 4 rs | ag 
ae | ‘ 1 
} » a Set oar 
Aa 
. O48 ; i Uy S y 
Tis 
. ‘ a 
‘ ¢3 el > t , aa ae 
A me 44,9 Le re 
. We AL SSW eT) 
' vey MO We ie a 
' ‘ © eo 
- . ? a . 











‘fe! 





NAVAL POSTGRADUATE SCHOOL 
Monterey, California 





THESIS 


Synoptic and Mesoscale Factors 
Influencing Stratus and Fog 
in the Central California 
Coastal Region 


by 


Patrick W. Corkill 


December, 1991 


Thesis Advisor: Wendell A. Nuss 





Approved for public release; distribution is 
unlimited. 


1259730 


ky sce 





UNCLASSIFIED 
SECURITY CLASSIFICATION OF THIS PAGE 


REPORT DOCUMENTATION PAGE Pow © 


1a REPORT SECURITY CLASSIFICATION 1b RESTRICTIVE MARKINGS 
Unclassified 
2a. SECURITY CLASSIFICATION AUTHORITY 3 DISTRIBUTION/AVAILABILITY OF REPORT 

Approved for public release; distribution is unlimited. 


2b. DECLASSIFICATION/DOWNGRADING SCHEDULE 













4. PERFORMING ORGANIZATION REPORT NUMBER(S) 5 MONITORING ORGANIZATION REPORT NUMBER(S) 










6b. OFFICE SYMBOL 
(if applicable) 
035 


7a. NAME OF MONITORING ORGANIZATION 
Naval Postgraduate Schou! 









6a. NAME OF PERFORMING ORGANIZATION 
Naval Postgraduate School 


6c. ADDRESS (City, State, and ZIP Code) 
Monterey, CA 93943-5000 


7b ADDRESS (City, State, and ZIP Code) 
Monterey, CA 93943-5000 





















8b OFFICE SYMBOL 
(If applicable) 


8a NAME OF FUNDING/SPONSORING 
ORGANIZATION 


9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER 


Bc ADDRESS (City, State, and ZIP Code) [ 10 SOURCE OF FUNDING NUMBERS 
Program tiement No Proyect NO Task Nc Work Unit Accession 
Number 


11. TITLE (Include Security Classification) 


Synoptic and Mesoscale Factors Influencing Stratus and Fog in the Central California Coastal Region 





12. PERSONAL AUTHOR(S) Patrick W. Corkill 
13a. TYPE OF REPORT 13b. TIME COVERED 14 DATE OF REPORT (year, month, day) 15 PAGE COUNT 
Master’s Thesis From To December, 1991 80 


16 SUPPLEMENTARY NOTATION 


The views expressed in this thesis are those of the author and do not reflect the official policy or position of the Department of Detense orthe U.S. | 
Government. 


17. COSATI CODES 1 18 SUBJECT TERMS (continue on reverse if necessary and identify by block number) 
SUBGROUP Mesoscale, Fug Stratus 





19. ABSTRACT (continue on reverse if necessary and identify by block number) 


This study was done to describe the synoptic and mesoscale events associated with the development of fog and stratus along the Central 
California Coast during the 30 April to 5 May 1990 period. These events were compared and contrasted to the synoptic and mesuscale evolution 
found for stratus surge and Catalina Eddy events. 

Based on the analysis, the formation of the stratus and fog was found Wo be initiated by the movement of an upper-level cut-off low and a 
shortwave ridge. Their movements provided increased subsidence and upper-level negative vorticity advection (NVA) over Southern California, 
which, in turn, produced higher pressure over the Vandenburg region. This coupled with relatively lower pressure over Oakland, set up flow 
conditions that lead to the formation of the stratus and fog. The Vandenburg/Oakland pressure gradient produced southerly flow, which carried 
warm moist air over relatively cooler water. The moist air condensed and stratus and fog developed. 


20 DISTRIBUTION/AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION 
EJ unctassirieovuniimiteo — [J same as rerort [J otic users Unclassified 


22a NAME OF RESPONSIBLE INDIVIDUAL 22b TELEPHONE (Include Area code) 22c OFFICE SYMBOL 
Wendell A. Nuss 408-646-2044 MR/Nu 


DD FORM 1473, 84 MAR 83 APR edition may be used until exhausted SECURITY CLASSIFICATION OF THIS PAGE 





All other editions are obsvlete UNCLASSIFIED 


Approved for public release; distribution is unlimited. 
Synoptic and Mesoscale Factors 
Influencing Stratus andcFog 


in the Central California 
Coastal Region 


by 
Patrick W. j orkill 
Lieutenant Commander, United States Navy 


B.S., U. S. Naval Academy, 1979 


Submitted in partial fulfillment 
of the requirements for the degree of 


MASTER OF SCIENCE IN METEOROLOGY AND OCEANOGRAPHY 
from the 


NAVAL POSTGRADUATE SCHOOL 


4D) December 1991 


Department of Meteorology 


ABSTRACT 


This study was done to describe the synoptic and mesoscale events associated with the 
development of fog and stratus along the Central California Coast during the 30 April to 5 
May 1990 period. These events were compared and contrasted to the synoptic and mesoscale 
evolution found for stratus surge and Catalina Eddy events. 

Based on the analysis, the formation of the stratus and fog was found to be initiated 
by the movement of an upper-level cut-off low and a short-wave ridge. Their movements 
provided increased subsidence and upper-level negative vorticity advection (NVA) over 
Southern California, which, in turn, produced higher pressure over the Vandenburg region. 
This coupled with relatively lower pressure over Oakland, set up flow conditions that lead 
to the formation of the stratus and fog. The Vandenburg/ Oakland pressure gradient 
produced southerly flow, which carried warm moist air over relatively cooler water. The 


moist air condensed and stratus and fog developed. 
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I. INTRODUCTION 


During the warmer spring through fall seasons, the coastal 
areas of Central and Southern California experience periods of 
low stratus and fog lasting from a few hours to several days 
in length. A period of less than one hour can bring a shift 
from sunny skies to stratus and fog. 

Several studies have looked at the frequent development of 
fog and stratus layers along the Central California Coast, 
especially during the summertime. Felsch (1990) studied the 
development of a stratus surge along the California Coast 
which he defined as the “apparent movement of a narrow band of 
stratus from south to north along the west coast of the United 
States". It 1s considered to be an anomalous mesoscale event 
during the summer season because macroscale winds’ are 
predominately from the northwest. Mass and Albright (1989) 
Suggest that an eddy in the atmospheric flow, referred to as 
the Catalina Eddy, results when the normal regime of westerly 
and northwesterly surface flow within the Southern California 
regime is interrupted by periods of southerly flow, elevated 
marine layers, and increased low level cloudiness within 
approximately 100 km of the coast. The first step in the 
formation of the Catalina Eddy is the passage of a shortwave 


trough into the Pacific Northwest, accompanied by a surge of 


cooler air from upstream of the trough. These synoptic-scale 
changes intensify the lower-level pressure gradient, 
strengthening the northerly flow along the Central California 
Coast. The increased winds produce lee troughing south of the 
San Rafael mountains, lower pressures to the north and higher 
pressures to the south along the area south of Point 
Conception, which produces southerly flow. In another paper, 
Mass and Albright (1987) describe the stratus alongshore surge 
as a northward propagating, topographically trapped gravity 
Current. Dorman (1985) suggests that internal solitary 
(coastally trapped) Kelvin waves, in Southern California's 
marine layer, account for the existence of the stratus 
overcast or stratus surge. 

These previous studies have emphasized the northward 
movement of stratus along the California Coast and the 
formation of the Catalina Eddy. There are, however, periods 
when stratus and fog form in situ along the California Coast, 
that are not clearly associated with the northward surge of 
marine air examined in these previous studies. Between 30 
April 1991 through 5 May 1991, the central coast of California 
and the Monterey Peninsula in particular, transitioned from 
clear sky conditions to low stratus and coastal fog conditions 
in a relatively short time period. Between 30 April through 
5 May 1991 satellite images indicate that fog formed initially 
along the Central California Coast and then expanded both 


north and south. This paper examines this single event in 


detail to show the factors responsible for the formation of 
stratus along the Central California Coast and then compares 
these factors to those identified in other coastal stratus 
Surge events mentioned above. 

Specifically the objectives of this study are to: 

1) Describe the synoptic and mesoscale events associated 
with the development of fog and stratus along the Central 
California Coast during the 30 April to 5 May 1990 period. 

2) Compare the events in this case to the synoptic and 
mesoscale evolution found for stratus surge and Catalina Eddy 
events. 

3) Identify the physical processes and their interaction 
that produced coastal stratus. 

4) Find a better analysis technique for use in evaluating 
coastal fog and stratus along the Central California 
Coast. 

5) Examine whether routine data and analysis are 


sufficient to analyze the onset of stratus and fog events. 


II. BACKGROUND 


The formation of coastal fog and low stratus clouds along 
the California Coast requires physical conditions conducive to 
fog formation in general. In general, fog forms when: 1) air 
is cooled to its dew point; or 2) water is evaporated into air 
until the air reaches saturation (Petterssen 1969). In either 
case, condensation nuclei must be present in sufficient 
quantities. The principle mechanism for coastal fog and 
stratus formation is through cooling of relatively moist near 
surface air. Although nighttime radiational cooling may 
contribute to the formation and inland penetration of 
California Coastal stratus and fog, this type of coastal 
stratus or fog is generally considered to be an advective type 
fog. Advective stratus or fog develops when warm moist air 
flows over a cold body, usually water. The moisture-laden 
air, over cold water, is quickly cooled to its dew point and 
stratus or fog forms (Williams 1973). 

Favored regions for advection fogs are those where cold 
and warm ocean currents, or water masses, are adjacent to one 
another (Petterssen 1969). The California Coast during the 
Summertime is one such place. According to Petteressen 
(1969), the prevailing winds along the California Coast during 


the summertime are from a northerly direction. This 


prevailing flow sets up a southward ocean current along the 
California Coast and a net ocean transport westward, or 
offshore. This offshore transport produces upwelling along 
the California Coast, bringing colder water to the surface 
along the coastline. During periods of southerly flow, the 
air cools as it flows from warmer to colder water, resulting 
in an increase in relative humidity and favorable conditions 
for, fog formation. 

According to (Petterssen 1969), low stratus clouds and fog 
banks are physically the same, although they occur at 
different levels in the atmosphere. The visible moisture will 
be in the form of ground fog when favorable fog conditions 
exist and an inversion is present at the surface. Stratus 
cloud layers, on the other hand, form when there is an 
elevated inversion present and, again, conditions are 
favorable for fog formation. The visible moisture under these 
circumstances will be in the form of an above-ground stratus 
layer. Inversions may become elevated when the sun rises and 
heats the earth, and the adjacent layer of air. The result is 
that the ground fog "lifts", forming low-level stratus clouds. 

Since ocean temperature conditions that produce advective 
fog and low stratus clouds exist year round, the primary 
question for the formation of coastal stratus and fog is what 
synoptic conditions in the atmosphere produce a transition 
from clear to cloudy conditions. A previous study by Mass and 


Albright (1989) have addressed the large-scale changes that 


produce northward propagation of stratus along the coast. 
Felsch (1990) has generalized these results and identified 
typical factors that lead to stratus surges along the 
California Coast. Felsch's results are as follows: 

1) A common surface feature present during a stratus 
surge was a thermal trough aligned from the northwest corner 
of California through the Central Valley, coastward of its 
normal summer season position. 

2) A common upper-level feature present during a stratus 
surge was either an upper-level low over, or to the south of, 
the Central California Coast or a shortwave ridge aligned 
northeast to southwest across Northern California. 

3) The pressure gradient relaxation at night due to 
radiation cooling initiates the surge, which opposes the 
large-scale flow. 

4) The surge potential is based on the existence of 
stratus in Southern California. 

However, this and other studies have not addressed the 
conditions that lead to the initial formation of coastal 
stratus and why certain regions are favored for formation. 
The coastal mountains potentially influence the locations of 
the formation of the stratus layer, particularly with respect 
to upslope fog formation and lee troughing in certain regions. 
This study examines the initial formation of coastal stratus 


in one case. 


III. DATA DESCRIPTION 


Surface and upper-level atmospheric analyses based on the 
National Meteorological Center (NMC) final Global Data 
Assimilation System (GDAS) analysis (Kanamitsu 1989) gridded 
fields were obtained from NCAR. The NMC final GDAS gridded 
fields include data that arrived too late for the NMC real- 
time analyses. 

Routine surface hourly observations and upper atmospheric 
rawinsonde data provided detailed information about small- 
scale structure and evolution. The upper atmospheric 
soundings were plotted and examined to determine the presence, 
levels, and evolution of inversion layers. The surface hourly 
observations were used to examine surface weather and other 
variables for coastal stations in order to provide a more 
complete description than available from satellite imagery. 
In addition, these observations plus observations from the 
Naval Postgraduate School May 1990 student cruise were used to 
do mesoscale analyses to define the detailed structure that 
lead to the formation of the coastal stratus. 

To provide a more complete quantitative mesoscale 
analysis, objective analyses using the surface land, ship and 
buoy data were done. These objective analysis were made using 
multi-quadric (MQ) interpolations as described by Hardy 


(1990). Multi-quadric interpolation utilizes hyperboloid 


basis functions to fit scattered data points and produce 
continuous fields that can be defined on a uniform grid. 
Since this objective analysis method fits observations 
closely, care was taken to check each data point against 
nearby stations, as well as previous and following times. 

Analyses of pressure, temperature, dew point and wind were 
examined every three hours on a 20 km grid covering the area 
from approximately 116° W to 128° W and 33° N to 40° N. This 
area was chosen to encompass the Central California Coast, 
where the fog and stratus developed in this study. 

To produce as much consistency from one analysis to the 
next, the same set of observation stations were used in each 
analysis. This was done to avoid pressure changes due to 
missing data at a particular time. Because some station 
reports were missing from the data set, these times were 
filled using multi-quadric interpolation in time for a 
particular station. A consistent set of pressure observations 
were generated for the 54 stations used in this study. Other 
variables were not interpolated in time because these 
variables were of secondary importance in this study. 

Since little offshore data was available four points on 
the western boundary of the region were generated from the NMC 
large-scale analyses. This procedure prevented boundary 
problems along the western boundary. 

The MQ method was evaluated against the NMC analysis for 


its usefulness in determining what causes the summertime 


periods of low stratus along the Central California Coast. 
One of the goals of this paper is to find a better analysis 
technique for use in evaluating coastal fog and stratus along 
the Central California Coast. As will be discussed in Chapter 
V, the MQ analyses are more representative of the mesoscale 
pressure and wind as they are based on actual station 
observations with no smoothing of the data. The MQ analysis 
produced higher resolution gridded fields, with the resolution 
determined by the observation spacing. The observation 
Spacing is less than the 2.5° grid spacing used by NMC, and 
the observations are plotted on 20km gridded fields, while, as 
mentioned, NMC uses a 2.5° grid, which significantly smooths 


the mesoscale structure present in the observations. 


IV. SYNOPTIC ANALYSIS 


This case study focuses on a coastal stratus and fog event 
along the Central California Coast that occurred between 01 
May and 04 May 1990. On O01 May, Central California 
experienced clear skies and warm temperatures, which were 
associated with offshore flow through most of the lower 
atmosphere. On 02 May, a transition from clear skies to 
stratus/fog in the late afternoon occurred in the Monterey Bay 
area. The low stratus and fog along the California coast 
remained for several days, as shown by the Salinas airport 
(SNS), Naval Postgraduate School (Monterey, CA.) surface 
observations and GOES Satellite imagery. Favorable synoptic 
conditions for the formation and maintenance of stratus/fog is 
low- level onshore flow set up by the presence of a strong 
thermal surface trough in the central valley of California. 
However, large-scale analyses from this time period indicate 
that the pressure trough remained offshore throughout the 


period, as will be described in the next few sections. 


A. CLEAR PERIOD 
Clear conditions prevailed over the California coastal 


area from 0000 UTC 01 May until 1200 UTC 02 May 1990, which is 
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evident from both surface hourly observations and GOES 
satellite imagery. The 0001, 1501, 2031 and 2231 UTC 01 May 
1990 GOES visible imagery all show the California and western 
Pacific area as generally cloud free with no fog or stratus 
along the California Coast. Surface observations from Salinas 
(SNS) indicate clear skies and visibilities ranging from 15 to 
50 miles, confirming the clear conditions during this period. 

The synoptic event that initiated the clear weather seen 
in the 0001 UTC 01 May visible satellite image (Fig. 1) was 
the passage of a significant shortwave through California. 
The 0000 UTC 01 May 500 mb NMC analysis (Fig. 2) shows a very 
strong ridge dominating the Eastern Pacific Ocean and a 5550 
m cut-off low centered over Southern California. This cut-off 
low was produced by a shortwave that moved down the coast on 
30 April. The 0000 UTC 01 May NMC 500 mb vorticity analysis 
(Fig. 2) shows a 22 x 10° s'' vorticity maximum associated 
with the Southern California cut-off low and indicates strong 
negative vorticity advection (NVA) along the California coast. 
Evidently strong subsidence is occurring due to this strong 
NVA over California. 

During the next 36 hours, the 500 mb cut-off low shifts 
eastward, and a weak shortwave moves through Southern British 
Columbia. The 1200 UTC 02 May 500 mb NMC analysis (Fig. 3) 
Shows the cut off low over SE Arizona, a weak shortwave trough 
in Eastern Washington and a shortwave ridge over Northern 


California/Nevada. This weak shortwave is best identified by 


by 


the 14 x 10° s’' vorticity maximum in Eastern Washington (Fig. 
3), The passage of this shortwave has shifted the tilt of 
the long-wave ridge axis westward at 50° N and decreased its 
amplitude, but has not significantly effected its position 


south of 40° N. 
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Figure 1. 0001 UTC 01 May 1990 GOES visible satellite 
imagery. 
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Figure 2. 0000 UTC 01 May 1990 NMC 500 mb analysis. Heights 
(m, solid) and absolute vorticity, (10°/s, dashed). 
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Figure 3. 1200 UTC 02 May 1990 500 mb analysis. Heights (n, 
solid) and absolute vorticity (10°/s, dashed). 
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According to Felsch (1990), the surge potential is based 
on the existence of stratus clouds in Southern California. At 
this time, there are no clouds in Southern California, 
therefore the potential for a stratus surge is low. 

The 0000 UTC O01 May 1990 NMC surface analysis (Fig. 4) 
shows a 1004 mb low over Arizona and a weak inverted trough 
that extends from Arizona to northwestern California. A 1030 
mb high pressure system dominates the Eastern Pacific Ocean 
off the California/ Oregon/Washington coasts with some high 
pressure ridging extending into Oregon and Nevada. During 
the next 36 hours, the high off the coast weakens 7 mb and the 
low over Arizona fills. 

The 1200 UTC 01 May 1991 NMC surface analysis (Fig. 5) 
indicates a strong diurnal effect as the inverted trough 
extending from Arizona to northwestern California has 
strengthened and moved westward off the California coast. The 
strengthening of this coastal trough is due to increased 
surface ridging over northeastern California/northwestern 
Nevada. The 0000 UTC 02 May 1991 NMC surface analysis (Fig. 
6) confirms the diurnal nature of these surface features. 
This diurnal effect is likely the result of the reduction to 
sea level pressure at higher elevations. GDAS extrapolation 
to sea level uses temperatures from two levels (Kanamitsu 
1989), which would result in a diurnal variation in reduction 
to sea level. The strong inverted trough has moved eastward 


and is again positioned over the California coast, and the 
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high pressure ridging over Northern California/Nevada has 
weakened and retreated northwestward. The 1200 UTC 02 May 
1991 NMC surface analysis (Fig. 7) shows the same diurnal 
westward shift of the thermal trough and suggests that the 
thermal trough has intensified somewhat. According to Felsch 
(1990), this is one of the conditions normally present for a 


stratus surge. 
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Figure 4. 0000 UTC 01 May 1990 NMC Sea Level Pressure (mb) 
Analysis. 
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Analysis. 
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0000 UTC 02 May 1990 NMC Sea Level Pressure (mb) 


Figure 6. 


Analysis. 
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1200 UTC 02 May 1990 NMC Sea Level pressure (mb) 


Figure 7. 


analysis. 
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B. TRANSITION PERIOD 

The period from 1200 UTC 02 May to 1200 UTC 03 May 
represents the transition from no coastal stratus and fog to 
extensive stratus and fog along the Central and Southern 
California Coast. The 1501 UTC 02 MAY GOES visible image 
(Fig. 8) shows stratus or fog along the Central California 
Coast from Monterey Bay to Point Conception, with patchy 
stratus south of Point Conception. The 2031 and 2231 UTC 02 
May visible GOES images (not shown) show that the stratus/fog 
has moved away from the California coast, except from Monterey 
Bay south to Morro Bay. The Salinas surface observations show 
that the fog formed around 1200 UTC on 02 May and burned off 
by 1600 UTC on 02 May, but this may have been radiation fog. 
Monterey observations as well as the satellite imagery 
indicate that stratus persisted along the coast. By 0500 UTC 
on 03 May, the stratus has returned to Salinas and other 
inland locations. By 1200 UTC 03 May the stratus is very 
extensive along the coast from San Francisco to Los Angeles as 
shown by the 1501 UTC 03 May satellite imagery (Fig. 9). 

The synoptic surface analyses from 1200 UTC 02 May (Fig. 
7) to 1200 UTC 03 May (Fig. 10) show the same patterns but 
indicate that the surface ridge has intensified in Northern 
California and Nevada. The inverted coastal trough at 1200 
UTC 03 May is positioned off the California coast, farther 


west than has been the trend for the previous 60 hours. This 


22 


sea level pressure pattern suggests relatively strong offshore 


flow in Northern and Central California. 
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Figure 8. 1501 UTC 02 May 1990 GOES visible satellite 
imagery. 
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Figure 9. 1501 UTC 03 May 1990 GOES visible satellite 
imagery. 
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Figure 10. 
Analysis. 
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The 0000 UTC (not shown) and 1200 UTC 03 May 500 mb NMC 
analyses show the Eastern Paci C ridge building 
northeastward, although it weakened between 0000 UTC 01 May 
and 1200 UTC 02 May, and the 500 mb cut off low over Arizona 
moving eastward and weakening. The shortwave over Washington 
at 1200 UTC 02 May (Fig. 3) has moved south with the maximum 
vorticity located in Northern Utah (Fig. 11). This northern 
shortwave trough produces weak negative vorticity advection 
along the Central California Coast due to the north to 
northeasterly flow over Northern California. The shortwave 
trough extending into Southern California 1s producing 
positive vorticity over Southern California. 

While it is true that some of the same conditions are 
present in this case as were present in Felsch (1990), there 
is no stratus formation present in Southern California prior 
to the formation in Central California (i.e., there is no 
indication of a surge of stratus from Southern California 
northward). Additionally, at the beginning of this period the 
location of the upper-level low is well east of the normal 
initial location of the upper-level lows discussed in Felsch 


(1990). 


2a, 


C. STRATUS/FOG PERIOD 


After 1200 UTC 03 May, coastal stratus and fog was well 


established and remained in place until the next significant 
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Figure 11. 
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shortwave passed the coast after 05 May. All GOES visible 
imagery for 3 and 4 May show stratus or fog extending along 
the California coast from north of San Francisco to the 
southern border of California and west several hundred miles 
off the coast of California. The 1501 UTC 04 May GOES visible 
imagery (Fig. 12) demonstrates the extent of the coastal 
stratus during this period. 

During this stratus/fog period, the primary upper-level 
large-scale features shift eastward in response to a shortwave 
approaching from the west. The 1200 UTC 04 May 500 mb NMC 
analysis (Fig. 13) shows the high pressure ridge in the 
eastern Pacific continuing to build northeastward. The ridge 
axis has passed the coast in Washington and Oregon and is 
approaching the coast in Northern California. 

Associated with this eastward movement of the upper-level 
ridge, the Pacific Northwest surface high moves eastward and 
the surface pressures increase southward into Northern 
California/ Nevada. The 1200 UTC 04 May NMC surface analysis 
(Fig. 14) shows that the inverted coastal trough has extended 
northward although the pressure has increased compared to 24 
hours earlier. By 0000 UTC 05 May, the inverted trough has 
pushed all the way north to Washington along the California 
and Oregon coasts. The trough has weakened significantly as 


well but remains offshore on the large-scale analyses. 


30 


level | 





OiUs= 















Figure 12. 1501 UTC 04 May 1990 GOES visible satellite 
imagery. 
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Figure 14. 1200 UTC 04 May 1990 NMC Sea Level Pressure (mb) 
Analysis. 
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D. SYNOPTIC SUMMARY 


The significant large-scale evolution can be summarized as 
follows: 

1) A very high amplitude 500 mb ridge became established 
just off the west coast after a shortwave trough moved south 
THEOUGH MC ali founta- Throughout most of this period the 
dominant feature was this eastern Pacific (EPAC) ridge, which 
remained stationary along 130° W during the period from 0000 
UTC 01 May 1990 up to 1200 UTC 02 May. Strong subsidence 
following the initial trough passage through California 
produced dry, clear conditions over the California coastal 
area. A weak shortwave passed through the Pacific Northwest, 
which may have contributed to subtle low-level changes that 
lead to the onset of coastal stratus and fog along the Central 
California Coast. By 0000 UTC 03 May, after the shortwave 
moved through the Pacific Northwest, and for the remainder of 
the period, the EPAC ridge built to the northeast and crossed 
the coast by 1200 UTC 03 May. Significant coastal stratus was 
present throughout this period. 

2) At the surface, the synoptic-scale evolution was less 
pronounced than that seen at 500 mb. The most obvious feature 
is the diurnal movement of the California inverted thermal 
trough. During the periods between 0000 UTC and 1200 UTC it 


is night time in California, and the thermal trough 
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consistently moves westward, or off shore. During the periods 
between 1200 UTC and 0000 UTC it is day time, and the thermal 
trough consistently moves eastward, or onshore. The extent of 
this onshore/offshore fluctuation was similar throughout the 
period and does not readily explain the transition from clear 
to stratus conditions. By the end of the evaluation period 
the average position of the inverted trough was farther west 
than it had been at the beginning of the period, which can be 
attributed to the eastward shift of the upper-level ridge and 
associated surface pressure increase inland. 

3) Because almost all the surface observations received 
for this area were over land, the NMC sea level pressure 
analysis short-term changes were primarily in response to 
data, or pressure, changes over land. Consequently, the 
exact position of the trough axis is difficult to determine 
and provides little indication of the transition from clear to 
cloudy conditions. The surface winds along the coast 
associated with the flow around the inverted trough are from 
the north to slightly northwest when the trough is inland and 
from the southeast when the trough is offshore. This pattern 
of surface flow implies a sea breeze/land breeze type 
Circulation along the coast, which is evident in the Salinas 
(SNS) wind observations, although the night time winds are 
generally calm and not southeasterly. Again, this general 
pattern gives no indication as to why the stratus forms as the 


sea/land breeze is present in the clear period as well. 
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Because of the shortcomings of the NMC surface analysis, 
mesoscale sea level pressure analysis were done and will be 


discussed in Chapter V. 
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V. MESOSCALE SURFACE ANALYSIS 


To attempt to understand the subtle changes in the surface 


pressure and wind patterns that resulted in the formation of 


the coastal stratus, mesoscale surface analyses were 
performed. The analyses were done every three hours and 
suffer from a lack of offshore data. However, the coastal 


buoys provide enough information to indicate the sense of the 
offshore changes. In addition to these mesoscale surface 
analyses, available soundings were examined to describe the 
evolution of the boundary layer structure and determine 
conditions that support stratus along the Central California 


Coast. 


A. CLEAR PERIOD 


As mentioned in the synoptic analysis, the GOES visible 
imagery from 0001 UTC through 2231 UTC 01 May 1991 indicate 
generally clear skies along the western United States 
coastline with no fog or stratus present along the California 
coast. These conditions do not fall under the classification 
of a stratus surge studied by Felsch (1990) yet stratus does 


form. 
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The 1200 UTC 01 May and 02 May Oakland soundings both show 
surface-based inversions, indicative of subsidence resulting 
from the EPAC upper-level ridge. Both the 1200 UTC 01 May and 
0000 UTC 02 May Oakland soundings show large areas of warming, 
which tends to confirm the existence of subsidence associated 
with the ridge (Fig. 15). Farther south at Vandenburg, the 
1200 UTC 01 May and 0000 UTC 02 May both have similar large 
areas of warming, suggestive of subsidence, but by 1200 UTC 02 
May the subsidence warming has decreased. This may signal 
that the subsidence over Southern California has diminished. 
All the Vandenburg soundings between 0000 UTC 01 May and 1200 
UTC 02 May show inversions, or deeper, cooler marine layers, 
even during clear periods. Since surface air at Vandenburg is 
cooler than at Oakland and the Oakland soundings do not 
continually show inversions, the surface pressure is higher 
at Vandenburg than at Oakland. The presence of the cooler 
Marine layer, coupled with increased subsidence near 
Vandenburg, act to support higher pressure at Vandenburg than 
at Oakland. 

The dominant feature on all the mesoscale sea level 
pressure analyses is the inverted trough, which originates 
southeast of California and extends northwestward. Several 
low-pressure centers are evident within this trough with the 
most northern located near Merced (MER), as seen on the 0000 


UTC 01 May pressure analysis (Fig. 16). The 0000 UTC 01 May 
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Figure 15. 1200 UTC O01 May 1990 and 0000 UTC O2 May 1990 
upper air soundings for Oakland, CA. Shaded areas represent 
warming since the previous sounding. 
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Figure 16. 0000 UTC 01 May 1990 Mesoscale Sea Level Pressure 
(mb) Analysis. 
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mesoscale surface wind analysis (not shown) shows the wind 
flow along the Central California Coast generally from the 
northwest parallel to the coast with north to northeast winds 
in the interior. The 0600 - 2100 UTC O01 May mesoscale sea 
level pressure analyses (not shown) show the diurnal effects 
of heating and cooling on the thermal low pressure systems. 
The flow continues to remain along shore or slightly onshore 
from the northwest until 0900 UTC 02 May, with the exception 
of the period between 1800 UTC 01 May and 0000 UTC 02 May, 
when the flow alternated between onshore and offshore for 
brief periods. The 0000 UTC 02 May mesoscale analysis (Fig. 
17) shows the northward movement of the low pressure system in 
the Central Valley, indicative of the weakening of the 
subsidence in Northern California. 

The 0000 02 May mesoscale winds (Fig. 18) shows the 
surface divergence to the south along the Southern California 
Coast where high pressure will eventually form and, through 
continuity, corresponds with the convergence and subsidence 
aloft. Because of the characteristic difficulties that exist 
in calculating the surface divergence, small maxima are 
present in the analysis, which are supported by only one or 
two observations. While these features are subject to 
question, one can have confidence with the larger scale 
pattern. This weakness of the surface divergence analyses is 
present throughout the period and is not discussed for each 


analysis presented in the remainder of this chapter. 
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The 0600 - 1200 UTC 02 May mesoscale sea level pressure 
analysis (not shown) show the night time cooling effects 
decreasing, compared to the previous 12 hours, and winds 
becoming light and variable. The 0600 UTC 02 May mesoscale 
sea level pressure analysis (Fig. 19) shows the pressure 
gradient weakening and the beginning of the higher pressure 
present to the south, setting the conditions for the possible 
onset of stratus and fog. The 0600 UTC 02 May mesoscale wind 


analysis (Fig. 20) shows the surface convergence present near 
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Figure 17. 0000 UTC 02 May 1990 Mesoscale Sea Level Pressure 
(mb) Analysis. 
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Figure 19. 0600 UTC 02 May 1990 Mesoscale Sea Level Pressure 
(mb) Analysis. 
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Figure 20. 0600 UTC 02 May 1990 mesoscale surface wind 
analysis. Contours from 1.5 x 10°/s to 1.9 x 10°/s. 
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Point Conception, deepening the marine layer which may also 
help initiate the stratus and fog formation. This relaxation 
in the pressure gradient is similar to the Felsch (1990) 
condition for a stratus surge, but the along shore pressure 
gradient does not suggest a southerly flow, as was the case in 


Felsch (1990). 


B. TRANSITION PERIOD 

As mentioned earlier, the period from 1200 UTC 02 May to 
1200 UTC 03 May represents the transition from no coastal 
stratus and fog to extensive stratus and fog along the Central 
and Southern California Coast. A thorough evaluation of this 
transition period would include an understanding of what 
caused the stratus to suddenly form along the Central 
California Coast, vice travel north from Southern California 
aS a surge. 

Other than the inverted trough extending northwest from 
Arizona, the most significant feature shown on the 1200 UTC 02 
May to 1200 UTC 03 May mesoscale analysis is the building of 
a mesoscale surface ridge along the Central California Coast 
and extending as far north as San Francisco. The 2100 UTC 02 
May mesoscale sea level pressure analysis (Fig. 21) shows the 
developing high/low pressure pattern along the coast. The 
2100 UTC 02 May mesoscale surface wind analysis (Fig. 22) 
shows the actual sea breeze pattern and flow from the south, 


in contrast to the northerly offshore flow on the NMC surface 
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Figure 21. 2100 UTC 02 May 1990 Mesoscale Sea Level Pressure 
(mb) Analysis. 
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pressure analyses presented in Chapter IV. The mesoscale 
surface ridge, seen on the 0600 UTC 03 May mesoscale sea level 
pressure analysis (Fig. 23), corresponds to the stratus 
covered area and evidently represents the pressure increase 
due to a deeper, cooler marine layer in this region. The 1200 
03 May mesoscale analysis (Fig. 24) shows the classic stratus 
and fog surface features similar to the Mass and Albright 
(1987) and Dorman (1985) cases, but this is a characteristic 
feature of any stratus situation. The difference between 
this study and these other two is the meteorological situation 
that led up to the stratus and fog formation. Once the 
stratus and fog have formed the scenarios become similar in 
appearance. 

One feature that potentially initiated the formation of 
this surface ridge is the large-scale eastward movement of the 
upper-level system. This pushed the shortwave ridge over the 
Pacific Northwest southward and the cut-off low over Southern 
California eastward (Figs. 3 and 26), allowing the area of NVA 
downstream of the shortwave ridge to move past Oakland and 
over Vandenburg (near SMX), leaving neutral advection over 
Oakland. The NVA over SMX produced increased pressure at 
Vandenburg, and the decrease in NVA from the shortwave ridge 
resulted in a decrease in pressure at Oakland. Although the 
NMC 500 mb charts do not necessarily show the shortwave ridge 
moving over Oakland during the period 0000 UTC to 1200 UTC 02 


May, a graph of the 500 mb heights (Fig. 25) at Oakland shows 
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Figure 23. 0600 UTC 03 May 1990 Mesoscale Sea Level Pressure 
(mb) Analysis. 
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Figure 24. 1200 UTC 03 May 1990 Mesoscale Sea Level Pressure 
(mb) Analysis. 
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Figure 25. 500 mb heights from Oakland, CA and Vandenburg, CA 
upper air soundings plotted every 12 hours from 0000 UTC 01 
May 1990 through 1200 UTC 04 May 1990. 
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a height decrease between 0000 UTC and 1200 UTC 02 May, 
indicating an area of PVA over Oakland. This height decrease 
indicates that the upstream side of the shortwave ridge is 
over Oakland, vice the downstream side of the ridge, as 
indicated on the 0000 UTC 02 May 500 mb NMC Analysis (Fig. 
26). 

This explains why the surface pressure near Oakland (BODE, 
which is a buoy) decreased while the pressure increased near 
Vandenburg (SANM, which is a buoy) between 0000 UTC and 0600 
UTC 02 May, as seen on the surface pressure plots for BODE and 
SANM (Fig. 27). We would normally expect a decrease in 
surface pressure associated with a decrease in the upper-level 
heights. The increased pressure at Vandenburg and decrease in 
pressure at Oakland set up a north/south pressure gradient 
that resulted in the flow from the south. A plot of the sea 
level pressures at 1200 UTC on O01, 02 and 03 May for the four 
buoys off the California coast (PTAR, BODE, CSAN, and SANM) 
(Fig. 28) shows a pressure reversal from higher pressure near 
Oakland (BODE) to lower pressure relative to SANM (near 
Vandenburg). A plot of the sea surface temperature and air 
temperature at the CSAN buoy (Fig. 29) show the air 
temperature decreasing after 24 hours into the period (0000 
UTC 02 May) and then the sea and air temperatures generally 
remain about the same after 1200 UTC 02 May. This indicates 


that the stratus and fog probably formed between 0000 and 1200 
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Figure 27. Surface pressure for BODE and SANM buoys plotted 
approximately every 6 hours from 0000 UTC 01 May 1990 through 
2300 UTC 04 May 1990. 
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Figure 28. 
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Figure 29. Sea surface temperature (deg C) and air 
temperature (deg C) for CSAN buoy plotted approximately every 
6 hours from 0000 UTC 01 May 1990 through 2300 UTC 04 May 
1990. 
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UTC on 02 May and continued at the CSAN buoy for the remainder 
of the period. 

As seen on the 0900 UTC 03 May surface winds analysis 
(Fig. 30), the surface ridge produces southerly flow south of 
the Monterey Bay and, because of the already present northerly 
flow above the Monterey Bay, results in surface convergence 
near the Monterey Bay and later north of San Francisco. A 
comparison with the 1200 UTC 02 May wind analysis shows a 
complete reversal of the coastal wind flow south of San 
Francisco from north to _ south. This indicates that the 
pressure gradient has also reversed and the higher pressure is 
now south of the low pressure. The warmer southerly flow 
produces additional surface convergence at the ridge axis, 
elevating the marine layer. The 0000 UTC 03 May Oakland 
sounding shows the surface inversion rising to 975 mb, 
indicative of a weakening of the subsidence aloft and the 
surface convergence on the edge of the high pressure tongue. 
The 2031 and 2231 UTC 03 May GOES visible imagery show a 
tongue of stratus and fog co-located with this surface 
convergence, elevated marine layer and the ridge axis seen on 
the 0000 UTC 04 May mesoscale sea level pressure analysis 
(Fig. 31). The 1200 UTC 02 May to 0000 UTC 03 May mesoscale 
analysis show a relatively strong low located over SAC, 
indicating the presence of a strong daytime sea breeze. At 


this point the stratus is "Surging" up the California coast to 
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Figure 30. 0900 UTC 03 May 1990 on Ty EPEaCe winds. 
Contours “from 9 x80 /seto Ioex 107s. "H" represents 
areas of divergence and "L" represent areas of convergence. 
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Figure 31. 0000 UTC 04 May 1990 Mesoscale Sea Level Pressure 
(mb) Analysis. 
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a small degree, similar to the Mass and Albright and Dorman 


cases discussed earlier. 


C. STRATUS/FOG PERIOD 

As mentioned in the synoptic discussion, after 1200 UTC 03 
May, coastal stratus and fog are well established and remain 
in place through the end of this period, although moving north 
later in the period. The movement is similar to that 
described in Mass and Albright (1987), who referred to the 
movement as a stratus surge. 

The 1200 UTC 03 May to 0900 UTC 04 May mesoscale analyses 
show the onshore flow and area of convergence moving north of 
San Francisco. The 04 May satellite imagery confirms that as 
the surface ridge moves up the coast, so does the convergence 
area, stratus and fog. This movement, as mentioned before, is 
Similar to that discussed by Mass and Albright (1987). 
During the later period, this case is similar to the Mass and 
Albright 1982 case. In fact, the Mass and Albright case took 
place during the same time of year (03 - 08 May 1982). 

The 0600 - 2100 UTC 04 May mesoscale analyses show the 
decrease of the sea breeze due to the movement of the large- 
scale upper-level high-pressure system inland, as represented 
by the 2100 UTC 04 May mesoscale sea level pressure analysis 
(Fig. 32). This marks the breakdown of this stratus event as 


the cold front offshore moves through during the next day. 
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Figure 32. 2100 UTC 04 May 1990 Mesoscale Sea Level Pressure 
(mb) Analysis. 


63 


The 0000 UTC 04 May Oakland sounding shows the marine 
layer elevated between 990 mb and 960 mb. Prior to 1200 UTC 
04 May, the subsidence, along with the night time cooling, was 
strong enough to bring the mixed layer down to the surface by 
1200 UTC each day. However, at 1200 UTC 04 May the Oakland 
sounding shows the elevated marine layer persisting, 


indicating a weakening of the subsidence aloft. 


D. MESOSCALE ANALYSIS SUMMARY 

Between 0000 and 2100 UTC O01 May the flow around the 
Monterey Bay was either along shore or slightly onshore from 
the cooler north, neither of which are particularly favorable 
for fog or stratus formation. As discussed earlier this is 
the result of the eastward movement of the upper-level cut-off 
low and ridge and the southern movement of the shortwave ridge 
over Oregon. This sets up the north/south pressure gradient 
and southerly flow. By 1200 UTC 02 May the flow is from the 
south around the Monterey Bay and a surface ridge began 
building around the San Francisco/Monterey Bay area. By 2100 
UTC 02 May the flow was onshore from the southwest around the 
Monterey Bay area and by 0300 UTC 03 May the surface ridge was 


well established at San Francisco and the Monterey Bay area. 
The presence of the surface ridge, or high pressure, along 
the Central California Coast for the remainder of the 


evaluation period resulted in continued surface convergence at 
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the leading edge of the ridge and onshore southerly flow along 
the Central California Coast. As the surface ridge built and 
moved north, so did the stratus and fog. From 1200 UTC 03 May 
to 0900 UTC 04 May the onshore flow from the south continued, 
providing surface convergence and warm air flow over cooler 
water, which are favorable conditions for fog or stratus 
formation. 

Between 0900 and 2100 UTC 04 May the eastward movement of 
the upper-level ridge decreased the sea breeze somewhat in 
Central and Northern California allowing the stratus and fog 
to move farther up the coast. The presence of the higher 
pressure and cooler marine air at Vandenburg helped sustain 
the stratus and fog. 

Prior to the weakening of the subsidence, the Oakland 
soundings, which are taken over land, clearly showed a diurnal 
change in the lower atmosphere between a surface and an 
elevated inversion layer. The weakening of the subsidence 
resulted in a continual elevated marine layer after 0000 UTC 


04 May. 
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VI. CONCLUSIONS AND RECOMMENDATIONS 


A. SUMMARY AND CONCLUSIONS 


During this case study the following events occurred: 


1) On the synoptic scale: an upper-level ridge moved from 
the Eastern Pacific through the Pacific Northwest; an upper- 
level cut-off low moved south through eastern California and 
then east through the Southern United States; and a upper- 
level shortwave ridge moved south through Eastern Washington, 
Oregon and California. 

2) On the meso-scale: the north/south pressure gradient 
along the Central California Coast reversed, setting up a 
southerly onshore/along shore flow; and a surface pressure 
ridge formed along the Central California Coast and moved 
northward along the coast. 

This case differed from previous case studies which 
analyzed the California coastal stratus and fog formation. In 
the Mass and Albright 1985 case (Mass and Albright 1987) the 
movement of the upper-level high and low systems differed from 
this case. In the Mass and Albright 1982 case (Mass and 


Albright 1987) and (Dorman 1985) the location of the upper- 
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level high and low pressure systems were different than for 
this case. What is important to note is that the upper-level 
features are the primary factors that produced the stratus and 
fog. Because the movement and locations are different in this 
case than cases examined in other studies, the conditions 
which cause the stratus and fog formation is different for 
this case. 

In Mass and Albright (1989) the formation of the Catalina 
Eddy contributed to the upper-level shortwave trough which 
moved eastward through the northwestern United States. Mass 
and Albright felt this weakened the surface pressure gradient 
in Northern California, thereby setting up the north-south 
pressure gradient conducive for southerly flow along the 
California Coast. Although a similar upper-level shortwave 
trough moved eastward through the Northwestern United States 
in this case study, it was not dynamically important and did 
not have a significant influence on the Central California 
Coastal wind flow. 

Felsch (1990) found that the presence of either an upper- 
level shortwave ridge over Northern California, or the 
presence of an upper-level low southwest of California, were 
necessary for a stratus surge event. In this case both were 
present, but in different locations. Again, because the 
location and movement of the upper-level ridge and low are 


different in this case study, and the stratus and fog did not 
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form offshore, move onshore and surge up the California Coast, 
the findings from Felsch do not apply. 

In conclusion, the formation of the stratus and fog was 
initiated by the movement of the upper-level cut-off low and 
the shortwave ridge. Their movements provided increased 
subsidence and upper-level NVA over the Southern California, 
which, in turn, produced higher pressure over the Vandenburg 
region and, coupled with relatively lower pressure over 
Oakland, set up the conditions that lead to the formation of 
the stratus and fog. The Vandenburg/Oakland pressure gradient 
produced southerly flow which carried warm moist air over 
relatively cooler water. The moist air condensed and stratus 
and fog developed. 

If routine surface observations were plotted and analyzed 
on the meso-scale, along with upper-level systems closely 
associated with the surface features, it would be possible to 
identify features which are similar to the ones in this case. 
Forecasting the movement of the upper-level systems would 


provide the capability to forecast stratus and fog formation. 


B. RECOMMENDATIONS 

Further research and a more detailed examination of the 
surface observations up and down the California Coast would be 
required to fully characterize the actual onset time of the 
stratus and fog formation. Although there are only a few 24 


hour surface reporting stations along the California Coast, a 
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detailed look at those continually reporting would provide a 
better understanding of exactly when the coastal stratus and 
fog forms. The exact time of formation is important to fully 
understand whether the Southern California surface high sets 
up the conditions for the formation of stratus and fog, or 
whether the stratus and fog formed first, setting up the 
higher pressure in Southern California. Satellite imagery is 
insufficient to determine the time because the stratus and fog 
usually form during the night time when only IR imagery is 
available. Because stratus cloud temperatures are very close 
to ocean temperatures, it is difficult to distinguish between 
the stratus and the ocean using IR imagery. Additionally, a 
more detailed study, with more observations offshore would 
help to better characterize the offshore pressure and wind 
features. 

Since the NMC real-time surface and upper-level analyses 
do not provide sufficient detail to accurately depict the 
mesoscale situation in Central California, a detailed 
mesoscale examination is necessary to accurately depict the 
surface and upper-level features and their interaction. This 
could be done using a fine-scale numerical model assuming that 
the synoptic-scale features are properly depicted over the 
data-sparse Pacific Ocean. Given the lack of mesoscale 
observational data, an intensive observing program would be 


needed to provide these data. 
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Finally, the results from this case study using routine 
observations should be extended. Careful examination of many 
other stratus/fog events might help to generalize these 


results. 
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